Abstract. In this paper we test whether the morphology and life traits of species (in our case ground beetles of the family Carabidae) can be related to the main underlying axes of environmental variability of their habitats. Sites were selected a priori to maximize two gradients: land use as a general measure of disturbance characterized by an index of land management, and habitat adversity or stress as characterized by elevation and vegetation structure. The underlying environmental axes and the relationships of the morphology and life traits of the species with them were investigated using RLQ analysis, a multivariate ordination method able to relate a species trait table to a site characteristics table by way of a species abundance table. The first environmental axis was highly statistically significant and explained most of the variability. It was strongly negatively related to the intensity of land management, and positively related to increasing elevation and a set of variables reflecting vegetation stress. Two predictions were tested and found to be valid in the studied system: in highly managed lowland sites species were smaller, and the frequency of macropterous species (with better dispersal abilities) was higher. Other traits also showed significant relationships with the main environmental axis: in the intensively managed lowland sites species had broader bodies, longer trochanters, and wider femora (characters associated with plant eaters), were paler in color, overwintered only as adults, bred in spring or autumn, and were active in summer. We conclude that the ground beetle assemblages of the studied sites respond in a similar way to the same underlying environmental factors. This allows the precise definition of functional groups, which can be used to characterize functional diversity and its relationships with changes in land management.
INTRODUCTION
One of the objectives of predictive ecology is to know whether species with certain traits will persist under a defined set of environmental conditions (Rice et al. 1983 , Janzen 1985 , Southwood 1988 , Keddy 1992 , Townsend and Hildrew 1994 . This requires an understanding of the relationships between the characteristics of the habitats in which species occur and their morphology and life traits. These relationships are acknowledged to be complex, a mixture of the effect of local ecological factors with the evolutionary history of the species and the regional faunas (Southwood 1988 , Rosenzweig 1995 , Bennett 1997 . One of the attempts to construct such a predictive framework for the relationships between habitat and species characteristics is the habitat templet theory (Southwood 1977 , 1988 , Townsend and Hildrew 1994 , Korfiatis and Stamou 1999 . This theory assumes that the habitat provides the templet on which evolution forges characManuscript received 28 August 1998; revised 1 February 2000; accepted 21 March 2000.
3 Present address: Department of Entomology, The Natural History Museum, Cromwell Road, London SW7 5BD UK. E-mail: i.ribera@nhm.ac.uk teristic morphologies and life history strategies, being at the same time a ''filter'' resulting in the ecological sorting of the species able to occupy them. The influence of habitat is epitomized in a small set of a priori defined axes that are hypothesized to summarize the environmental constraints acting on the species. These axes are normally related to disturbance and adversity or stress (Southwood 1977 (Southwood , 1988 ; habitat predictability and adversity (Greenslade 1983 ); or to temporal and spatial heterogeneity, which can be taken as a measure of disturbance and availability of refugia respectively (e.g., Townsend and Hildrew 1994 , see also Korfiatis and Stamou 1999 ). An equivalent hypothesis for plants is that of Grime (1977) , with ecological strategies (with their respective morphological adaptations) accommodating to stress, disturbance, and biological competition (Grime 1977 , Grime et al. 1997 .
As noted above, the templet concept can be understood both as an evolutionary forge for shaping species traits, and as an ecological process of species sorting. The occurrence of a species in a certain habitat is determined by the fit between its traits and the characteristics of the habitat (an ecological process), but the presence of these traits in the species is the product of the evolutionary history of adaptation to conditions that April 2001 1113 EFFECTS OF DISTURBANCE ON SPECIES TRAITS are supposed to be similar (an evolutionary process). In this paper we focus on the ecological scale, testing whether species in assemblages are sorted according to their morphology and life traits. In other words, we analyze what happens when an array of species, in which biological traits evolved in a different location, arrive in a new habitat (Janzen 1985) .
The sites included in this study have a recent history of human land use, with maximum potential ages of ϳ 10 000 yr (the time of the last deglaciation in Scotland; Ballantyne and Harris 1994), although certainly much less for most of them, in particular those with more intensive management. It can thus be safely assumed that the species studied at these sites have not evolved in situ but their presence is the result of migration too recent for there to have been much local evolution. A significant relationship between species traits and environmental characteristics will demonstrate the existence of processes acting on an ecological scale in the configuration of the species assemblages.
We studied ground beetles of the family Carabidae to exemplify the ground-dwelling fauna. They are a well-known group, strongly dependent on land characteristics, and with a long tradition of ecological study (e.g., Thiele 1977 , Lö vei and Sunderland 1996 , Niemelä 1996 . Our study sites were chosen so as to maximize two environmental gradients: habitat adversity or stress, as measured by elevation and vegetation structure, and land management, as a surrogate measure of land disturbance. By measuring the response of ground beetle assemblages to disturbance and stress we should be able to characterize species according to a set of functional traits. This functional characterization should ideally be based on the simultaneous study of common biological attributes and the correlation of these attributes with the main environmental factors (Lavorel et al. 1999) . The usual approach to this problem is first to apply some ordination method to the matrix of species presences (or abundances) and the environmental characteristics of the sites, and subsequently to try to relate the species traits with the ordination axes obtained (see e.g., papers in Statzner et al. 1994, 1997, and references therein) . Species traits are usually not included in the analysis because of the lack of statistical methods to relate them to the characteristics of the habitats (the ''fourth-corner'' problem described in Legendre et al. 1997) .
We used a recently described multivariate method, which provides a general solution to this problem, RLQ analysis . RLQ analysis aims to investigate the relationships between two tables (''R'' and ''Q'') that are constructed according to different statistical units (environmental characteristics and species traits in our case) by way of a third table (''L'') that represents the link between them (a species abundance matrix). It makes possible the precise definition of the environmental gradients, and the exact location of each of the sampled localities on them, through characterization of the axes that maximize environmental variability. In a similar way, the habitat used by the species, and their response to the main environmental factors, is defined through their actual occurrence in the sampled sites, not a priori assigned through autecological knowledge. This is the first application of this statistical method other than those given by . The method proposed by Legendre et al. (1997) uses in essence the same statistical approach to link the three matrices, but with a focus on a test of the global significance of the relationships. RLQ is more centered on interpretation of the scores of the environmental characteristics of the sites and the species traits in common ordination axes (see Methods for a more detailed comparison of both methods).
In addition to studying the general relationship between morphology and life traits of the species with environmental gradients, we specifically tested two predictions according to Southwood (1977 Southwood ( , 1988 , Greenslade (1983) , and Townsend and Hildrew (1994) :
(1) species in temporally stable (i.e., predictable), adverse, and spatially homogeneous environments have on average larger body sizes; and (2) species in temporally unstable, more favorable, and spatially heterogeneous environments have greater dispersal abilities. In highly unpredictable and unstable habitats species need good dispersal abilities to move to more favorable patches when local conditions become unsuitable. If the conditions, albeit ephemeral, are favorable, there will be a high turnover rate (i.e., a faster development with shorter generation time), with the result of a smaller size of the species. On the contrary, in highly predictable but unfavorable sites species avoid dispersal, which could only lead to loss of individuals (or to the introduction of undesirable variation, Greenslade 1983) , and have a low turnover rate, resulting in an increased size.
MATERIALS AND METHODS

Study area
Sites were chosen to best represent the diversity of the Scottish landscape, following a general gradient from intensive cereal fields to extensive upland grasslands or moorland dominated by heather (Calluna vulgaris) , often managed by periodic burning. Land use is strongly associated with several disturbance factors (e.g., removal of biomass by cropping or grazing, and soil disturbance by tillage). A set of measures of vegetation structure commonly related with habitat adversity and stress was obtained (e.g., biomass at different heights), as well as elevation as a measure of climatic harshness. Elevation ranged from 20 (Skerray) to 750 m above sea level (a.s.l.) (Crianlarich, Fig. 1 , Table 1 ). In Scotland, average temperatures decrease more rapidly with elevation than the adiabatic lapse rate (Price 1983) . The weather of upland Britain is considered to be of a ''maritime periglacial'' type (Ballantyne and Harris 1994), characterized by strong winds, high precipitation, and 30-40 freeze-thaw events each year, associated with cyclonic activity.
Special habitats (e.g., riparian, wetlands, coastal) were excluded from the study to avoid biases introduced by the inclusion of habitats with characteristics that could not easily be compared. We sampled each site during one season, and the whole study was carried out over three years (1995 to 1997) . Eighty-seven sites were sampled, distributed in nine main areas across Scotland (Fig. 1) .
Ground beetle sampling
Beetles were sampled with two parallel rows of nine pitfall traps (diameter 7.5 cm, 2 m apart) at each site, starting in early May. Traps were filled with ϳ2 cm of ethylene or propylene glycol, and serviced monthly until the end of the season (end of August or September). For the 1997 sites we used only one row of traps, as results obtained in 1995 and 1996 proved that the second row was largely redundant (I. Ribera and I. Downie, unpublished results) . The analysis of repeated samples of some sites (which were not included in this study) demonstrated that between-year differences were not significant except for sites in which there was considerable change in land use (I. Ribera and I. Downie, unpublished results) .
Pitfall traps offer a standard, highly replicable method of studying ground-dwelling fauna, and have been successfully used in studies using quantitative (e.g., Blake et al. 1994 , 1996 , Luff 1996 , Rykken et al. 1997 , as well as qualitative data (e.g., Rushton et al. 1989 Rushton et al. , 1990 . The whole pitfall catch of one season can be taken as a measure of population density for a given species in a particular habitat (Baars 1979 , Ericson 1979 , Luff 1982 , Chiverton 1984 , thus avoiding the problem of the possible bias introduced by the different activity of the beetles when considering isolated samples. The catch of pitfalls in enclosed areas has also been demonstrated to be correlated with catches in traps in open fields (e.g., r ϭ 0.92 for the logarithm of the abundance of 20 species of carabids, data from Table  1 in Desender 1986) .
Environmental data
Land use was quantitatively characterized through a management intensity score, following Downie et al. (1998 Downie et al. ( , 1999 . Eight broad variables were considered at each site, and each of these variables was assigned a score from 0 to 3 in ascending order of intensity (none, low, moderate, or high). Variables included: sward type (0, natural or semi-natural; 1, sown or improved; 2, grass mixture; 3, ryegrass ley); age of the current land use (0, uncultivated; 1, Ͼ10 yr; 2, 5-10 yr; 3, Ͻ5 yr); soil disturbance (0, none; 1, only harrowed in last three years; 2, plowed once in last three years; 3, plowed twice or more in last three years); cutting (0, none; 1, topping only; 2, one complete cut and removal of vegetation; 3, two or more complete cuts and removal of vegetation); grazing (scored on the basis of number of livestock, if any, from Ͻ0.8 to Ͼ1.14 livestock units/ ha); inorganic fertilizer (0, none; 1, Ͻ50 kg/ha of N, P, and K; 2, 50-100 kg/ha; 3, Ͼ100 kg/ha); organic fertilizer (four levels, from none to heavy manure dressing); and pesticides (0, none; 1, fungicide only; 2, one herbicide and/or one fungicide; 3, two or more herbicide products and/or insecticide and/or glyphosphate) (see Table 2 in Downie et al. 1999 for more details) . Observed values lay between 1 and 20 within the potential range from 0 to 24 (Table 1) .
In addition to the management index, standard soil analyses were conducted on four soil samples from each site, taken at the initial visit of the sampling season (Table 2) . Vegetation data were obtained from permanent quadrats established beside the pitfall traps, and included standard measures of vegetation structure and biomass (Abernethy et al. 1996) . Elevation was obtained from 1:25 000 maps of the area.
Morphological characteristics of the species
Morphological characteristics of the ground beetle species were selected in order to reflect functional at- Tain  Tain   25  30  70  65  30  30   20  18  17  17  9  16  46  47  48  49  50  51   se83  re84  ww85  wb86  wo87  sp41   set aside  reseed grazing  winter wheat  winter barley  winter oats  spring barley   Tain  Tain  Tain  Tain  Tain  Crieff   30  30  30  30  30  45   8  12  17  17  16  17  52  53  54  55  56  57   ww42  wb41  wb42  sp41  so42  so43   winter wheat  winter barley  winter barley  spring barley  spring oilseed rape  spring oilseed rape   Crieff  Crieff  Crieff  Crieff  Crieff  Crieff   50  140  130  35  35  35   16  19  19  17  16  16  58  59  60  61  62   oc41  gh41  go41  wh41  dh42   old conifer woodland  gorse at edge of heather moorland  gorse within grazing pasture  wet heather moorland  dry heather moorland, newly burned   Crieff  Crieff  Crieff  Crieff  Crieff   240  230  200  235  230   1  1  3  1  6  63  64  65  66  67  68   ha91  fr9A  gz92  re93  we94  re95   hay  forage rape  grazing  reseed grazing  wet grazing  reseed grazing   Skerray  Skerray  Skerray  Skerray  Skerray  Skerray   30  20  35  20  20  35   5  13  3  11  4  4 1116 IGNACIO RIBERA ET AL. tributes, following previous studies that showed their likely functional significance, as assessed with phylogenetic comparative methods (Ribera et al. 1999a, b, and references therein) . Ten linear quantitative measurements and four qualitative characters were collected for all the species (Tables 3 and 4) . Six specimens were measured per species, one male and one female from three different localities and dates, to avoid possible biases due to sexual dimorphism, and geographical or temporal variability. This potential intraspecific variation was not considered because the interspecific differences were in general much larger, and the six specimens were taken as an appropriate representation of the average size and shape of each species. Measurements were chosen to best characterize shape, not taxonomic characters. They included major linear dimensions of the body, hind legs, eyes, and antennae, following the approach of previous work (e.g., Forsythe 1987 , Ribera et al. 1999a ). All quantitative variables were normalized by a log-transformation prior to analysis. For each species, the residuals of the regression of each individual variable against EFFECTS OF DISTURBANCE ON SPECIES TRAITS Note: Only the residuals of the regression with LTL, plus LTL, were used in the analysis of the quantitative variables.
† There was no available information on the overwintering stage of Notiophilus aquaticus, which was assumed to be the same as of N. germinyi and N. palustris (the most closely related species).
‡ ''Nocturnal'' includes species that can be active during night and day, as they have morphological characteristics very similar to those of strict nocturnal species (Ribera et al. 1999b ). The activity period of eight species was estimated according to unpublished information and the known activity period of the most closely related species (M. L. Luff, personal communication 1997) .
§ There was no available information on the activity period of Notiophilus aquaticus and Pterostichus rhaeticus, which was assumed to be similar to that of other species of Notiophilus and P. nigrita, respectively (the most closely related species).
total length (TL, length of the pronotum plus length of the elytra, Table 3 ) were used in the analysis to reflect variation in shape independent of differences in overall size. Owing to the constant general shape of all the species studied, the total length can be considered a very good estimate of size, with a strong log-linear relationship with body biomass for European carabids (r ϭ 0.98, Jarosík 1989).
Life traits
Six life traits of the species were chosen, reflecting well-known differences in life and/or ecological strategies (Table 3 ). Other traits that could be of functional or ecological importance were not used because of lack of information for most of the species. Traits were coded according to published information (full data can be obtained from the Appendix. For species displaying polymorphism for some of the variables, information relating to Scottish or northern England populations was used whenever possible. When contradictory information was found, the most recent source was used, in particular that included in Luff (1998) . Some of the variables used are not independent, with strong correlations among them (e.g., overwintering and breeding season). This is fully accounted for by the multivariate ordination methods used, the final axes reflecting the compound effect of all variables (see Materials and Methods: Statistical analysis) .
Statistical analysis
Abundance values were log-transformed to reduce the effect of dominant species. To reduce the effect of rare species, only species that occurred in more than four sites and with more than one specimen were studied. Totals of 87 sites and 95 025 specimens belonging to 68 species were included in the final analysis. The entire set of analyses was repeated using presenceabsence data only, to account for possible artifacts due to sampling method, or to differences in sampling effort. The results were fully consistent with those obtained using abundance data, with only a slight de- and Lindroth ( , 1986 ) (names of common use in the United Kingdom are given in parentheses). Codes of the species are those used in Fig. 3 . We initially analyzed each table separately, in order to compare results with those of the three-table joint analyses. The species abundance table containing the number of specimens in each species occurring at each site was analyzed by correspondence analysis (CA), an eigenanalysis that provides a joint scaling of sites and species (e.g., Greenacre 1984, Thioulouse and Chessel 1992) . We computed principal component analysis (PCA) on both the correlation matrix of the quantitative morphological traits of the species and on the environmental characteristics of the sites. To interpret these analyses we used the correlation between each quantitative variable and the components of the PCA. Finally, we computed multiple correspondence analysis (MCA, Tenenhaus and Young 1985 , an extension of CA to multi state discrete characteristics, the statistical equivalent of PCA with qualitative variables) on the qualitative morphological and life traits of the species. We interpreted this latter analysis by way of correlation ratios, which help to investigate the link between the initial qualitative variables and the new quantitative scores of individuals generated by MCA. Correlation ratios represent percentages of variance of a score explained by each qualitative variable. The higher the correlation ratio, the better the different categories of the variable are separated.
To investigate the relationships between morphological and/or life traits of species and environmental characteristics of sites, we used a version of RLQ analysis based on the CA of the species abundance . Table L represents a link between Table R (Appendix) containing the measurements of p environmental variables in the I sites, and Table Q (Appendix) comprising the values of q traits of the J species. The RLQ analysis enables the study of the joint structure of these three data tables, irrespective of whether data are quantitative or qualitative.
There are few known applications able to deal with a three-table joint analysis. Legendre et al. (1997) investigated the relationship between species traits of fish and habitat characteristics of coral reefs by a novel method primarily designed to test the significance of the relationships. In addition to test the significance of this relationship, we were also interested in obtaining an ordination of species and sites on the main environmental gradients, an option not available in the original formulation of Legendre et al. (1997) . The latter method also required presence/absence or frequency data in the link matrix, whereas RLQ can use the species abundances.
The general mathematical model of RLQ analysis, which basically consists of the eigenanalysis of the matrix R T LQ, is fully explained in Dolédec et al. (1996: 147) and we give here only some of its basic properties. The method proposed by Legendre et al. (1997) uses the same product of matrices, but, as noted above, it does not proceed with its eigenvalue decomposition, and hence does not obtain the ordination axes. In RLQ analysis, the eigenvalue decomposition of the crossmatrix provides ordination axes (the environmental and the morphological life-trait axes) onto which sites and species are projected, resulting in new sets of scores for the sites and the species respectively.
As we used a version of RLQ analysis based on the correspondence analysis of the species abundance table, these new scores for sites and species have a maximal covariance (see :148 for a demonstration). Because the structure of the individual tables can only be partially optimized (owing to the constraints imposed by a joint analysis), RLQ takes into account only a fraction of the total variance. Furthermore, the highest possible correlation (canonical correlation) between rows and columns in a contingency table is given by the square root of the first eigenvalue of its correspondence analysis (Williams 1952 ). In consequence, the correlation computed from the first RLQ axis cannot be higher than the canonical correlation obtained from the first CA axis of the species abundance table. This means that the structure of the species abundance table can also only be partly optimized, since only the variability associated with environmental characteristics of sites and traits of species is accounted for. In summary, the maximization of covariance results in the best joint combination of the ordination of sites by their environmental characteristics (optimization of the site score variability), the ordination of species by their traits (optimization of the species score variability), and the simultaneous ordination of species and sites (optimization of the correlation between the sites scores and the species scores).
We conducted two RLQ analyses, one using the quantitative morphological traits and a second using the qualitative life traits of the species. For the test statistic we used the trace of the cross matrix generated by the RLQ analysis (the squared covariance between the environmental and species traits Tables R and Q). This statistic increases with the intensity of the relationship between the environmental and the species traits tables through the species abundance table. We tested the global statistical significance of this relationship using random permutations. The null hypothesis was independence between the two Tables R and Q (i.e., their squared covariance ϭ 0), the alternative hypothesis being that they were related (their squared covariance Ͼ0). In our model we assumed that the species abundance table provided the measure of the intensity of the relationship between environmental characteristics and species traits. In consequence, we considered it as fixed, and permuted the rows of both the species traits and the environmental characteristics tables. This avoids the problem of choosing a model to randomize the species abundance table (see e.g., Legendre et al. 1997 Notes: Eigenvalues and percentage of total variance on each axis are also indicated. See Table 2 for the descriptions of the variables. Notes: Eigenvalues and percentage of total variance on each axis are also indicated. See Table 3 for the codes of the variables.
ternative randomization models). The resulting distribution of the traces of the 1000 replicated random permutations was compared with the observed value. The number of random permutation values that were equal to or larger than this observed value can be considered to be the best estimation of its probability, and a measure of the significance level of the analysis. For example, if only one of the 1000 permutation values was higher than that observed with the actual data (i.e., the total frequency of values upper or equal to the observed was 2/1001 ϭ 0.002), the significance of the analysis can be estimated to be Ͻ0.002. If no permutation value was higher than the observed one, its significance can be estimated to be Ͻ0.001.
All calculations and graphs were made with ADE-4 (Thioulouse et al. 1997) . ADE-4 can be obtained freely through the website of the University of Lyon 1, which also provides access to updates and user support through the ADEList mailing list. The four tables used in the analysis (environmental characteristics of the sites, quantitative morphological characteristics of the species, qualitative morphological and life trait characteristics of the species, and species occurrence per sites) are available in the Appendix.
RESULTS
Separate ordination of the data tables
The four first axes of the CA of the species abundance matrix accounted for 43% of the total variance (Table 5) . Additional axes accounted for variance mostly associated with the occurrence of few species and were not considered in the RLQ analysis. Of special importance was the first eigenvalue, corresponding to a canonical correlation equal to 0.7 (or the square root of 0.49). As indicated in the Methods, this value is the best possible correlation within the species abundance matrix.
The two first axes of the PCA of the environmental characteristics of the sites accounted for 59% of the total variance (Table 6 ). The first axis was mainly positively associated (r Ͼ 0.8) with the management index, reproductive biomass (Repro biom), percentage of bare ground (Bare), available phosphorus (Avail P), and pH, and negatively associated with percentage of organic content (Org) and moisture (Moist) ( Table 6 ). These were all variables highly correlated with the management index (with r Ͼ 0.6 in all cases). The management index was also highly correlated with elevation (r ϭ Ϫ0.68), something that has to be taken into account in interpreting the results (see Discussion).
The second axis had the highest correlation with canopy height, stem density, and biomass Ͼ5 cm (Biom 5ϩ), although it still retained relative high values for most of the variables highly correlated with the first axis. Only available potassium (Avail K) and percentage of litter cover (Litter) had a higher correlation with the second than with the first axis ( Table 6 ). The correlation with management intensity was on the contrary very low (r ϭ 0.06), while the correlation with elevation was higher (r ϭ Ϫ0.31).
The three first axes of the PCA of the quantitative morphological variables of the species accounted for 73% of the total variance (Table 7 ). The first axis was mainly correlated with the length of the femur (LFL), the length of the tarsi (LRL), and the length of the antenna (LAL), in all cases negatively. The second axis EFFECTS OF DISTURBANCE ON SPECIES TRAITS Table 3 for the codes of the variables. 
Notes:
Eigenvalues are obtained from the singular value decomposition of the cross matrix RTLQ and represent a squared covariance; ''total variance'' refers to the percentage of total variance accounted for by each axis; ''covariance'' refers to the covariance between the two new sets of factorial scores projected onto the first two RLQ axes (square root of eigenvalue); ''correlation'' refers to the correlation between the two new sets of factorial scores projected onto the first two RLQ axes; ''variance'' refers to the variance of each set of factorial scores computed in the RLQ analysis, both for the habitat and for the traits (see Material and Methods: Statistical analysis for more details on the interpretation of the statistics).
was mainly correlated with pronotum, elytra, and femur width (LPW, LEW, and LFW), and length of the trochanter (LTR), also negatively. The third axis was mainly positively correlated with the diameter of the eye (LYW) and pronotum height (LPH), and negatively with the length of the trochanter (LTR), although for the latter the highest correlation was with axis two (Table 7) .
Six ordination axes were considered for the MCA of the qualitative morphological and life trait variables, which accounted for 71% of the total variance (Table  8 ). According to the correlation ratios, the first axis was mainly related to overwintering stage (OVE), breeding season (BRE), daily activity (DAY), and body color (CLB). The second axis was mainly correlated with color of the legs (CLG), period of emergence of the adults (EME), and breeding season (BRE), although the latter was most correlated with the first axis, as seen above. Axis four was mainly correlated with pronotum shape (PRS) and food of the adult (FOA), and axis six with wing development (WIN) and activity period (ACT). None of the variables had their highest correlation with the third and fifth axes. Despite their low variance explained, axes four and six were kept in the RLQ analysis because of the high correlation with individual variables, which were biologically meaningful and important in the joint analysis of the three data tables (see below).
Joint analysis of quantitative morphological traits, site environmental characteristics, and species composition
The first two axes of the three-table RLQ analysis extracted 84.8% and 10.5%, respectively, of the total variance of the matrix that crosses the site environmental characteristics and the quantitative morphological traits of the species (Table 9a ). Note that the eigenvalues of these axes do not represent the variance of the scores, as in the separate analysis, but their squared covariances (pseudo-eigenvalues in the terminology of Dolédec and Chessel 1994) . The 1000 random permutations of the rows of the R and Q matrices did not give any value of the trace of the crossmatrix (which characterizes the intensity of the link between environmental variables and morphological traits through the species abundance) equal or superior to the observed value, which can be taken as strong evidence of its significance (estimated P Ͻ 0.001).
Because the RLQ analysis represents the partial ordination of the environmental characteristics of the sites, species abundance, and quantitative morphological traits of the species, the proportion of variance attributed to each matrix was compared to that resulting from their separate analyses (Table 9a ). The first axis of the RLQ analysis accounted for 97.1% of the potential variability for the first axis in the separated analysis of the environmental characteristics of the habitats (i.e., the ratio between the variance of the habitat characteristics accounted for in RLQ [7.5] and that of the separate analysis [7.72] is 0.971, see Tables 6 and 9a) . Similarly, it took into account 43.8% of the potential variability for the first axis in the separate analysis of the quantitative morphological traits (0.438 ϭ 1.39/ 3.17, computed as before, see Table 7 for the eigenvalue of the separate analysis of the quantitative traits). The two new sets of scores had a correlation of 0.25 along the first RLQ axis (Table 9a) , which has to be compared Table 2 for the description of the variables. to the highest possible correlation between sites and species, given by the square root of the first eigenvalue of the CA of the species abundance table (0.7, see Results: Separate ordination). This value was as expected very low along the second axis (0.13; Table 9a ). The covariance between the new sets of scores for the sites (computed from their environmental characteristics) and the species (computed from their quantitative morphological traits), which is optimized by the first RLQ axis, was equal to 0.80 (Table 9a , obtained from square root of 7.5 ϫ square root of 1.39 ϫ 0.25). In contrast, this value was very low on the second axis (0.28).
The ordination axes obtained with RLQ and those obtained with the separate analysis of the individual tables were graphically compared in Fig. 2a and b . The structure of the environmental matrix described by the RLQ axes was, as expected, very close to that of the separate analysis (Fig. 2a) . By contrast, the RLQ axes did not represent directly the information given by the three first axes of the separate analysis of the quantitative morphological traits, but a combination of them (Fig. 2b) . As an example of the different loading of the variables in the separate analysis and in RLQ, total size (LTL) had a very low correlation with the first three PCA axes of the separate analysis (Table 7) , but it was the variable with the highest correlation with the first RLQ axis (Ϫ0.59; Table 11 ).
Only the first axis of the RLQ analysis was further considered, as it represented the majority of the total variance and the best correlation among scores. Environmental variables, sites, species, and quantitative morphological traits were respectively arranged along this first axis (Tables 10 and 11 , Fig. 3 ). Environmental variables were ordered along the first axis of the RLQ analysis according to their weight in the linear combination that provided the coordinates of the sites (Table 10 , Fig. 3a) . These values basically agreed with the separate PCA of the environmental matrix, with the single exception of elevation, which had the highest negative value in the RLQ axis, but only the fourth negative value in magnitude in the individual PCA (Tables 6 and 10 ). The agreement between the weights of the environmental variables in the separate PCA and the first RLQ axis was expected, owing to the high percentage of variability of the environmental matrix accounted for in the RLQ analysis, as noted above (Table 9a and Fig. 2a ).
Sites were ordered along the RLQ axis closely following a broad classification of their land use (Fig. 3a) , and can be informally placed in the following groups Table 4 for the species codes.
ordered from lowest to highest values of the RLQ axis: (1) 17 sites including heather moorland, upland grasslands, one site with bare peat, and two very wet rough grasslands; (2) 15 sites including different land uses with less intensive management, from conifer forest to gorse scrub, heather burned recently, or extensive or very wet grasslands; (3) some lowland grasslands, which also included one hay field, one turnip field, a dry, upland grassland, a forage oil-seed rape, and a gorse-shrub site with patches of grass (28 sites in total); (4) six set-aside and forage rape fields; and finally, with the highest values, (5) 21 cereal and oilseed rape fields. The grassland sites (group 3) were roughly ordered according to their level of disturbance by management.
There was no geographical pattern in the ordination of the sites, with areas with sites from different land uses falling into different general groups (e.g., Crieff, Ae, or Skerray, see Table 1 and Fig. 1 ).
Species were located in the first RLQ axis at the weighted average of the scores of their sites (Fig. 3) . Species typical of disturbed sites had the highest values (such as the species of Bembidion, most of the species of Amara, and Anchomenus dorsalis), and species typical of undisturbed natural sites the lowest (such as Calathus micropterus, Patrobus assimilis, and most of the species of Carabus, with the exception of C. nemoralis) (see Eyre and Luff 1990, or Eyre 1994 for autecological information on these species). There was a gap in the ordination of the species (Fig. 3b) , separating a group typical of the more undisturbed, less managed upland sites (24 species) from a group more typical of disturbed, more intensively managed lowland sites (42 species), with two species having intermediate values (Elaphrus cupreus and Trechus rubens). The average abundance of the two groups of species was also clearly different, the latter being on average much more abundant than the former.
Finally, morphological characteristics were correlated with the above species ordination along the first RLQ axis (Table 11) . Variables with the highest correlations were total size (LTL) and pronotum height or ''vaulting'' (LPH) (both negatively correlated), and elytra width (LEW), trochanter length (LTR), and femur width (LFW) (positively correlated). Species typical of upland, less managed sites were thus larger and had a more vaulted pronotum, while species typical of lowland, intensively managed sites had wider elytra, longer trochanter, and wider femora. Less important variables were length of the antenna (LAL) (negatively correlated), and diameter of the eyes (LYW) (positively correlated).
Joint analysis of qualitative morphological and life traits, site environmental characteristics, and species composition
The two first axes of the three-table RLQ analysis extracted 90.2% and 4.5%, respectively of the total variance of the matrix that crosses the site environmental characteristics and the qualitative morphological and life traits of the species (Table 9b ). None of the 1000 permutations of the rows of the R and Q matrices had a value equal or greater than the observed trace of the above cross-matrix, demonstrating the high statistical significance of the relationship between the environmental variables and the qualitative traits (estimated P Ͻ 0.001).
As in the previous RLQ analysis, the proportion of variance accounted for by the RLQ analysis was compared to that resulting from the separate analyses of the individual matrices (Table 9b ). In this case, the first axis of the RLQ analysis accounted for 94.6% of the variability explained by the first axis of the separate analysis of the environmental matrix (i.e., the ratio between the variance of the habitat characteristics in RLQ and the variance of the habitat characteristics in the separate analysis, or 7.3/7.72, see Tables 6 and 9b ). It also accounted for 50% of the potential variability accounted by the first axis of the separate analysis of the qualitative species traits (0.16/0.32, computed as above, see Tables 8 and 9b ). The two new sets of scores had a correlation along the first RLQ axis of 0.38, which should be compared with the optimal theoretical value of 0.7 (Table 9b ). This was higher than the correlation obtained with the RLQ analysis of the quantitative morphological traits (0.25, see above). The correlation of the scores along the second axis was on the contrary very low (0.16; Table 9b ). The covariance between the two new sets of scores for the sites (computed from their environmental characteristics) and the species (computed from their qualitative traits) was 0.42 (Table 9b , obtained from square root of 7.30 ϫ square root of 0.16 ϫ 0.38). This value was very low for the second axis (0.09).
The first two ordination axes of the RLQ analysis were compared with those of the separate analyses of the environmental and qualitative trait matrices in Fig.  2c and d. As in the RLQ analysis of the quantitative species traits, the structure of the environmental matrix, as described by the first two RLQ axes, was very close to that of the separate analysis (Fig. 2c) . Similarly, the RLQ axes did not represent directly the information given by the first six axes of the separate MCA of the qualitative traits of the species, but a combination of them, including mainly information on axes 2 and 6 (Fig. 2d) . Because of the low variance explained by the second RLQ axis, this was not further considered. Environmental variables, sites, species, and qualitative species traits were ordered along the first RLQ axis (Table 10 and Fig. 4) .
The weight of the environmental variables was essentially the same as in the previous RLQ analysis, the main difference being a switch in relative position of the percentage of organic content (Org) and biomass of the first 5-cm layer (Biom 0-5) ( Table 10 ). The resulting ordination of the sites (Fig. 4a ) was consequently very similar (r ϭ 0.99), with only minor shifts in the position of some sites. The general ordination according to land use was preserved without any change.
The position of the species was also very similar, with a gap again present between species occurring in less managed upland sites and species occurring in more intensively managed grasslands and cultured fields (Fig. 4c) . The two intermediate species were as before. Representation of the relative abundance of the species added no further information and it is not shown.
The mean and standard deviation of the scores of the species included in each of the modalities of the qualitative traits are represented in Fig. 4c . Wing development (WIN) and breeding season (BRE) had the highest correlation ratios (Table 12) . Brachypterous species were strongly associated with less managed sites at higher elevation, while macropterous and dimorphic species (the latter with values close to the origin) were associated with more intensively managed lowland sites. Species breeding in summer were strongly associated with less managed upland sites, and species breeding in spring or autumn-winter (these two groups having similar values) with the more intensively managed lowland sites. Associated with the breeding season was the period of activity, species breeding in summer having their activity period mostly in autumn, and species active only in summer having their breeding period mostly in spring , Thiele 1977 .
Other variables with lesser correlation ratios were: color of the body and legs (CLB and CLG), with black species mainly associated with less managed upland sites and pale species associated with more intensively managed lowland sites; overwintering stage (OVE), with species overwintering as larvae only associated with less managed upland sites; and food of the adult (FOA), with Collembola predators and species in which the plant material is an important part of their diet mostly associated with intensively managed lowland sites, and generalist predators associated with less managed upland sites. The shape of the pronotum (PRS) is known to be related with the diet, species with trapezoidal pronota being mostly seed or plant eaters, and EFFECTS OF DISTURBANCE ON SPECIES TRAITS FIG. 4. First ordination axis of the RLQ analysis of the qualitative species traits: (a) scores of the sites (see Fig. 3 ), (b) position of species at the average score of the sites in which they occur (vertical line), and (c) position of the qualitative traits at the average score of the species in which each of the modalities occur (circles). The area of each circle is proportional to the frequency of the category; horizontal lines represent the standard deviation of these scores. Scores in (b) and (c) are expanded for readability, maintaining the origin aligned with (a). See Table 3 for the codes of the variables. Table 3 for the codes of the variables. species with cordiform pronota, predators (Ribera et al. 1999b) .
The main period of emergence (EME) and daily activity (DAY) had correlation ratios close to zero, with species of the different modalities being uniformly distributed along the ordination axis.
DISCUSSION
Response to disturbance and stress
We found a highly significant relationship between the species traits, as measured by a set of functional morphological and life trait characters, and the environmental characteristics of their habitats, as measured by the main underlying environmental gradient. The principal interest of this result resides in its generality: it demonstrates the direct relationship, reflected in common ordination axes, between an optimized compound measure of environmental variability and an optimized compound measure of morphological and functional diversity. In both RLQ analyses the first of these ordination axes accounted for very large fractions of the explained variance for the environmental and the biological data sets, indicating the existence of a strong underlying environmental gradient structuring the characteristics of the sites and the species occurring in them. The ordination of the sites along this axis closely followed a broad classification of land use. The indi-1126 IGNACIO RIBERA ET AL. Ecology, Vol. 82, No. 4 vidual variables mostly associated with it were the management index and elevation (positively and negatively correlated respectively), although other variables commonly related with disturbance and stress also had a high correlation. More intensely managed sites had a high percentage of bare ground, lower proportion of biomass at Ͻ5 cm and a higher proportion at Ͼ5 cm; while sites with higher altitude had lower reproductive biomass and a higher proportion of bryophytes (Table 10 ). Management and elevation were highly negatively correlated, mainly due to the effect of the sites at Crieff and Crianlarich. In these sites there are strong elevation gradients with farms and more intensive grazed grasslands at the bottom of the valley (20 m a.s.l. in Crieff, and 155 m a.s.l. in Crianlarich), and more natural, undisturbed heather or extensive pastures at higher elevation (up to 240 m a.s.l. in Crieff, and 750 m a.s.l. in Crianlarich, Table 1 ). The relative importance of the correlation of both variables with the ordination axes can be taken as evidence that the most important factor was land management, which always had a higher correlation than did elevation. The second axis of the environmental ordination, although still highly related with elevation and some other variables, had only a very small correlation with management, suggesting a decoupling of the effect of both variables. However, the low percentage of variance explained by this second axis makes its interpretation difficult.
The main ordination axis can be considered roughly equivalent to the main diagonal in the habitat templet proposed by Southwood (1988) , with highly disturbed but favorable habitats in the bottom left corner, and more permanent but highly stressed or adverse habitats in the top right corner. The species theoretically associated with these two extremes have the most contrasting traits in Southwood's (1988) templet and in other equivalent schemes (see e.g., Fig. 8 in Southwood 1988) . Thus, in the scheme proposed by Greenslade (1983) , highly favorable and unpredictable habitats are typical of r-selected species, while highly unfavorable and predictable habitats are typical of A-selected species (adversity selection). More important than the definition of the types of selection is the distribution of the individual morphological and life trait characters along the environmental gradient, which can be used to characterize and predict the functional diversity of the ground-beetle assemblages. Janzen (1985) raised the question of how species that had evolved in a particular evolutionary context could manage to persist when they extend their ranges and encounter different environments and species assemblages. All ground beetles included in this study have rather widespread ranges in at least the western Palearctic, and it is likely that they originated in different areas, within various communities and environmental pressures. In spite of that, the assemblages they form show some functional traits not randomly distributed in relation to the main environmental trends, which means that species of different origin, and therefore likely to behave independently, show the same type of response to the same environmental gradient. This common response demonstrates that the characters in question are truly functional, not evolutionary remnants without further relevance. The scores of the species in the RLQ axes allow the precise definition of functional groups, which can be used for predictive purposes in conservation management (I. Ribera, unpublished manuscript) . Changes in land use can thus be directly related to changes in species traits (that is, changes in the functional diversity of the assemblage), rather than first to taxonomic composition and, only indirectly, to the functional characteristics of the species.
Morphological and life trait characteristics
There is a vast literature relating carabid species composition with management, habitat characteristics, or disturbance, as measured by different criteria (e.g., Eyre and Luff 1990 , Luff 1990 , Holmes et al. 1993 , Eyre 1994 , see e.g., papers in Niemielä 1996 for a recent source of references). However, none of these previous studies included biological or morphological data other than size, and the interpretation of possible relationships, if any, was based on the knowledge of the autecology of individual species. An attempt to relate the distribution of carabids with a productivitydisturbance templet was used by Eyre (1994) , although the axes were roughly defined by water content of the soil and a disturbance index, without the inclusion of morphological or biological information.
Carabids are generally considered to be more adapted to habits than habitats (e.g., Manton 1977 , Evans 1986 , Forsythe 1987 : they have structural features that may be suitable or adapted to perform in several different habitats, such as the trade-off between wedgepushing vs. running specialists, reflected in the size of the metatrochanters and the diameter of the hind femora (Evans and Forsythe 1984 , and references therein), or the morphological characters linked to diurnal vs. nocturnal species (Bauer 1985 , Bauer and Kredler 1993 , Ribera et al. 1999b . Only in some cases was the strong effect of environmental constraints recognized, such as in digger or arboricolous species (Thiele 1977) . In our study we did find very significant relationships between some of the morphological and life traits of the species of assemblages of ground beetles and the habitats in which they occur, demonstrating the match between habitat characteristics and species traits. Some of these relationships were in agreement with the predictions of the habitat templet theory, in particular with reference to size and dispersal power.
One of the quantitatively most important relationships was that of larger species with less managed, upland sites. The detrimental effect that management has on the larger species has been reported a number of times (Siepel 1990 , Blake et al. 1994 , 1996 . The EFFECTS OF DISTURBANCE ON SPECIES TRAITS effect can be partly attributed to the preference of the large species of Carabus for undisturbed sites, and of the many small species of Bembidion for highly disturbed sites. Species of Carabus may be absent in managed sites because of the strong temporal variability in productivity and energy available (Blake et al. 1994) . Another possible reason is that large species tend to be flightless, with a limited dispersal power in a mosaic landscape (Den Boer 1970 , 1990a .
The restricted occurrence of species with poor dispersal abilities in highly disturbed sites is a prediction of the habitat templet theory (Southwood 1977 (Southwood , 1988 ) (see also the predictions based on a simulation model by Travis and Dytham 1999) . Species in highly disturbed sites are supposed to have an elevated risk of local extinction, with the need for good dispersal capabilities for the frequent colonization of ''emptied'' patches. Thus, according to Southwood (1962) winged species are more frequent in temporary habitats to allow dispersal to favorable sites when conditions turn difficult. There is some previous evidence that ground beetles (and other terrestrial arthropods) in highly heterogeneous and fragmented habitats show a higher dispersal power, as measured with the higher frequency of macropterous or dimorphic species in comparison with more homogeneous habitats (e.g., Den Boer 1990b , De Vries et al. 1996 . Aukema et al. (1996) found that the winged forms of a dimorphic species (Pterostichus melanarius) were more frequent in recently established populations, in comparison with old populations. In cereal fields with strong pesticide treatment, Sanderson (1994) found that Trechus obtusus (brachypterous) was much less abundant that T. quadristriatus (macropterous), although the author also considered the alternative explanation that these results were due to differences in the relative abundance of their respective preys. In our study, wing development was the life trait variable with the highest correlation with the first ordination axis, with brachypterous species strongly associated with less managed, upland sites, and macropterous or dimorphic species with highly disturbed lowland sites.
In addition to the preceding trends predicted by Southwood et al. (1977 Southwood et al. ( , 1988 and Townsend and Hildrew (1994) , there were other significant relationships between the morphological and life trait characteristics of the species and the RLQ ordination axis. Species breeding in summer were strongly associated with less disturbed sites, and with high elevation. This could be due to a limitation of the active season in high elevation sites for climatic reasons, but also to a strong summer peak in the disturbance of agricultural fields, because of an increase of agricultural practices. The association of species overwintering as adults with highly disturbed sites could have the same underlying reason, i.e., destruction of larval overwintering sites by management practices. In intensively managed or disturbed fields overwintering is known to be related to the presence of refugia in the surrounding areas (Desender 1982) .
The association of Collembola feeders with agricultural fields has been reported for different groups, and has been attributed to the abundance of prey (e.g., . Collembola predators are diurnal, and tend to have metallic body and/or legs (Ribera et al. 1999b) . Plant eaters were also found to be mostly associated with highly disturbed sites. This association is also apparent when looking at the morphological variables, with species with long trochanters and wide femurs strongly associated with more disturbed sites. Such characters are typical of plant and seed-eaters (Ribera et al. 1999b) .
Daily activity had an almost zero correlation with the ordination axis, despite being one of the life traits most associated with the morphology of the species (Ribera et al. 1999b ). Diurnal and nocturnal species seem to be distributed independently of the main environmental characteristics. However, there were some differences in the distribution of the color of the body, which is strongly associated with diel activity. Metallic species had intermediate values, with pale species mostly associated with disturbed, highly managed lowland sites, and black species mostly associated with less disturbed upland sites. This ordination differs from the relationship of color with diel activity, in which there is a strong dichotomy between metallic (diurnal) and black and pale species (nocturnal). The relationship between color and management could be due to the association of pale species with interstitial or burrowing habits, such as in Clivina fossor, or some species of Trechus (in particular T. micros) , Desender 1983 , Luff 1998 . Highly disturbed agricultural sites had a higher proportion of bare ground (Table  6 and 10), and tillage may provide favorable microhabitats for these species (Desender 1983) .
CONCLUSIONS
We found a strongly significant correlation between the functional (i.e., morphological and life history) traits of the species and the main environmental gradient of their habitats (in our case disturbance as measured with a land management index, and stress or habitat adversity as measured with elevation and vegetation structure). This common response to the same environmental factors can be used to precisely define functional groups among the species studied, as well as the functional diversity of a given assemblage. With the use of RLQ analysis, differences in land use can thus be directly related to differences in functional diversity, instead of first to taxonomic diversity and, only indirectly, to the functional traits of the species. This opens the possibility of the use of RLQ scores in conservation management, to monitor and predict the effects of changes in land use. Some more specific predictions of the habitat templet theory, namely a smaller 1128 IGNACIO RIBERA ET AL. Ecology, Vol. 82, No. 4 size and higher dispersal powers in more disturbed, less stressed sites, were corroborated. gs22 eg11 eg12 eg13 eg14 yh71 oh72 bh73 gr11 gr12 sp13 ww14 gr15 se16 fd17 he61 gr62 he63 gr64 gg65 yc51 oc52 wh51 ug51 dg52 ig53 ug54 dg55 uh51 ug51 bg52 dg53 gz51 si52 wt53 wg54 wb61 gr62 wb31 ww32 so33 wr34 gz81 sp82 se83 re84 ww85 wb86 wo87 sp41 ww42 wb41 wb42 sp41 so42 so43 oc41 gh41 go41 wh41 dh42 ha91 fr9A gz92 re93 we94 re95 ro96 he97 tu98 fr99 si41 gz42 gz43 gz44 gz41 gz42 gz41 gz42 gz41 gz42 se41 se42 gr61 sp62 so63 56   pter  madi  1  1 56  8  0 121  0  0  0 0 0  1  0  0  5  2  0 9  0 66 16  4 13 12  5 169 262  3 136  0  0  0 385  2  0  0  1  5  2  1  2 12 28  0  4  0 0  0  0  2 410 2783 39 63  5 11 18 35 40 69  2 15 106  1 1346 26  3 362 1778 1453 639 32 285 186 177 
